Abstract In our body, stem cells reside in a microenvironment termed the niche. While the exact composition and, therefore, the level of complexity of a stem cell niche can vary significantly tissue-to-tissue, the stem cell niche microenvironment is dynamic, typically containing spatial and temporal variations in both cellular, extracellular matrix, and biomolecular components. This complex flow of secreted or bound biomolecules, cytokines, extracellular matrix components, and cellular constituents all contributes to the regulation of stem cell fate specification events, making engineering approaches at the nanoscale and microscale of particular interest for creating an artificial niche environment in vitro. Recent advances in fabrication approaches have enabled biomedical researchers to capture and recreate the complexity of stem cell niche microenvironments in vitro. Such engineered platforms show promise as a means to enhance our understanding of the mechanisms underlying niche-mediated stem cell regulation as well as offer opportunities to precisely control stem cell expansion and differentiation events for clinical applications. While these principles generally apply to all adult stem cells and niches, in this review, we focus on recent developments in engineering synthetic niche microenvironments for one of the best-characterized stem cell populations, hematopoietic stem cells (HSCs). Specifically, we highlight recent advances in platforms designed to facilitate the extrinsic control of HSC fate decisions.
Introduction The Stem Cell Niche as a Biological Entity
The genetic information required to direct stem cell fate specification events such as quiescence, self-renewal, or differentiation is contained within its DNA, but signals from its microenvironment-surrounding cells, the extracellular matrix (ECM), as well as ECM-bound or diffusible biomoleculestrigger these events [1••, [2] [3] [4] . These unique regionsniches-offer exciting opportunities to develop new bioengineering approaches that use nanoscale and microscale technologies to engineer cell fate [1••, 5, 6 ]. An increasing number of adult stem cells and their corresponding niches have been identified in different tissues and organs, including skin, gut, bone marrow, and brain [7] [8] [9] [10] [11] [12] [13] . These stem cell niches are dynamic microenvironments that present combinations of cellular, ECM, and biomolecular cues [1••, 11, 14] . Importantly, these extrinsic signals are in a continuous state of flux, resulting in complex network of secreted or bound biomolecules, cytokines, ECM, and cellular components with spatial and temporal variations [1••, 3, 14] . The dynamic nature of these niches remains across a wide range of physiological stages, from development, homeostasis, and injury/stress responses through aging and senescence [9, [14] [15] [16] [17] [18] [19] [20] [21] . These niches not only host a native stem cell population, but also provide vital extrinsic signals necessary for their survival, proliferation, differentiation, mobilization, and other functional activities [3, 10] .
Hematopoiesis is the physiological process where a small number of hematopoietic stem cells (HSCs) continuously generate the body's full complement of blood and immune cells [14, 22, 23] . While HSC niches are found primarily in the bone marrow in adult vertebrates, during development HSCs and their niche transition between multiple anatomical locations [9, 15, 16] . Primitive hematopoiesis is first observed in the yolk sac [15] . Definite hematopoiesis then ensues in the aortagonad-mesonephros (AGM), placenta, fetal liver, and spleen and finally in the bone marrow, the primary site of hematopoiesis for adults [9, 16] . During adult hematopoiesis, HSCs are found primarily in the bone marrow HSC niches, where various cellular components (e.g., osteolineage cells, vascular endothelial cells, neurons, macrophages), extracellular proteins (e.g., fibronectin, laminin, collagen, proteoglycans), and secreted or immobilized biomolecules and growth factors (e.g., stem cell factor (SCF), TPO, Ang-1, Flt3L, CXCL12, granulocytecolony stimulating factor (G-CSF) , IL-3, IL-6, IL-11) comprise the functional microenvironments with local gradients in cellular and extracellular contents [2, 14, 19, [24] [25] [26] [27] [28] . Several discrete anatomical localizations within the marrow have been described for HSC niches (e.g., endosteal, perivascular, and, more specifically, sinusoidal and arteriolar niches) [19, 24, 27, 29, 30] . And, while it is unclear if they exist as completely separate or rather a series of overlapping microenvironments, these discrete sub-niches are believed to serve a differing role in HSC maintenance, differentiation, and mobilization [19, 24] . Recent reports suggest that aging also significantly alters the functional capacity of HSCs (e.g., diminished lymphoid potential) and that aging-induced changes in the HSC niche composition may contribute to the observed changes [20, 21] .
The stem cell niche is not just a physical space within a tissue or an organ but can be considered a machinery of its own, a highly organized and hierarchical biological entity that facilitates the maintenance and function of stem cells [10, 31, 32] . Identifying the role played by biophysical and molecular features of the niche on HSC fate specification requires new tools to examine and control these processes ex vivo [1••]. Bioengineering approaches may be particularly well suited to reduce the complexity of the niche to gain mechanistic insight regarding how the biophysical and molecular signal pathways shape HSC fate [1••, 5, 6, 33] . Through improved understanding of how the niche modulates complex stem cell behaviors, we can eventually gain the capacity to engineer stem cell fate decisions in vitro [6, [34] [35] [36] [37] . In vivo studies that de-functionalize niches by removing cell or matrix constituents provide insight regarding niche-associated signaling molecules (e.g., SCF, CXCL12) [32, [38] [39] [40] and the potential role of mesenchymal stem cells (MSCs) as a niche cell to chaperone HSC fate specification [41] . However, given likely synergies and hierarchies between niche signals, knocking out elements of the larger network may identify central features but will not provide insight regarding design of an artificial marrow [ [17, 46, 47] . This heterogeneity will likely be magnified in multi-cue environments and must be defined [1••]. Currently available functional assays or labeling techniques rarely allow in situ analysis of single, live stem cells, which may skew the characterization of stem cell responses to niche-mediated cues [1••, 45, 48] . This is particularly true for HSCs with known heterogeneities in their functional capacity, incompletely defined surface markers for isolation or identification, and lack of reliable in situ functional assays [17, 48, 49] [45, 50] . Such information will be critical to identify the minimum number of cells to resolve a fate decision and, consequently, the scale of a culture platform to induce a desired range of fates. Heterogeneity also offers a unique perspective for deciphering the relative importance of discrete cues, as reduced heterogeneity can often be correlated with heightened significance [51] [52] [53] .
In this review, we highlight recent advances that attempt to overcome these technological hurdles: both assembling increasingly complex synthetic niches as well as tools to interrogate stem cell response. We discuss material-based approaches capable of modulating stem cell behaviors by providing extrinsic cues via the presentation of biomolecules or other extracellular factors at the cell-material interface down to nanoscale resolution, effectively mimicking cell-matrix and cell-cell interactions in the stem cell niche. We also briefly summarize new, innovative efforts to characterize stem cells at the molecular level with subcellular resolution. We focus on HSCs and their niches in the bone marrow, but the general principles should extend to other stem cells and niches as well.
Niche-Mimicking Platforms for Modulating Stem Cell Behaviors
Advances in fabrication approaches have enabled biomedical researchers to simultaneously integrate multiple aspects of the stem cell niche onto engineered cell-material interfaces [1••, 6, 33, 35, 44••]. Here, we discuss recent developments, from simple 2D surfaces to sophisticated three-dimensional (3D) constructs. Matrix chemistries, mechanics, topographies, and dimensionality can all stimulate different features of stem cell fate decisions in vitro [36, 42] , thereby enhancing our understanding of the niche-mediated stem cell regulation and, in some cases, establishing an effective means to control stem cell function in vitro (Fig. 1) .
Two-Dimensional Substrates and Liquid Cultures-Demonstrating Regulatory Concepts
Two-dimensional material surfaces are relatively easy fabricate, and their material properties such as chemistries, topographies, and mechanics could be easily modified [35, 54] . It is therefore easy to decouple the effects of single or combined biomolecules (e.g., proteins, proteoglycans, growth factors), material properties (e.g., stiffness, elasticity, fiber strength), and structural details (e.g., topographical features, geometries, ligand spacing) on stem cell activities using these platforms [1••, 6, 33-36, 42, 44••]. Presentation of the biomolecules or material properties could be controlled to imitate stem cellmatrix and/or cell-cell interactions [6, 34, 36, 55•] . The obvious drawback is the lack of dimensionality that deviates from the physiological stem cell niche [6, 56] .
As stem cell-material interactions are mediated by ligandreceptor binding that modulates downstream signal transduction events, several studies directly target receptor activation (e.g., integrins) by employing surfaces with nanoscale features [54] . Here, presentation of ligands or other cell adhesion molecules (e.g., full-length proteins, fragments, peptides) is controlled to produce surfaces with defined properties (e.g., ligand density, spatial orientation, spacing, chemistry) that could induce specific ligand-receptor interactions leading to desired stem cell activities [54, 57, 58••] .
Matrix Cues Presentation of extracellular components or growth factors via surface immobilization of material substrates has revealed that HSC-matrix interactions significantly influence HSC adhesion [59] , spreading [31] , proliferation [60, 61] , and differentiation [62] . HSCs show preferential adhesion to several extracellular matrix (ECM) proteins and proteoglycans [28, 59] . When HSCs were grown on top of poly(-ethylene-alt-maleic anhydride) (PEMA) substrates chemically modified with proteins (fibronectin, type I collagen fibrils, tropocollagen I) and proteoglycans (heparin sulfate, heparin, hyaluronic acid), HSCs adhered most strongly to fibronectin while moderately adhered to heparin sulfate, heparin, and collagen I fibrils and insignificantly adhered to tropocollagen I and hyaluronic acid [59] . HSC adhesion also affects its morphology, and HSCs spread out significantly more and appear increasingly irregular and less circular in shape when presented with increasing surface ligand density, as seen by HSC cultures on type I collagen-coated polyacrylamide gels [31] . Adhesion may affect proliferation activity as well. When whole bone marrow cells were cultured on plastic culture plates with physically adsorbed tropoelastin, the number of HSCs in the population significantly increased compared to the negative control, suggesting that changes in surface elasticity contributed to the observed HSC expansion [60] . Similarly, hematopoietic stem and progenitor cells (HSPCs) cultured on polyethylene glycol diacrylate (PEGDA) gel surfaces modified with SCF, IFN-γ, and Arg-Gly-Asp (RGD) showed considerably more expansion compared to unmodified counterparts, emphasizing the importance of sustained growth factor presentation in HSC growth [61] . In another study, magnetic microbeads functionalized with notch ligand delta-like ligand 4 (DLL4) via streptavidin-biotin conjugation facilitated HSC differentiation to T cell precursors when they were added to HSC co-cultures with stromal cells [62] . For ligand immobilization studies such as these, surface chemistry needs to be carefully considered as subtle changes may alter stem cell response [44••] .
Mechanical Cues Changes in stiffness of 2D material surfaces have been linked to significant changes in HSC morphology [31] and motility [63] . When cultured on type I collagen-coated polyacrylamide gels with varying stiffness (0.71-196 kPa), HSCs spread out more and appeared less circular on stiffer substrates, exhibiting more irregular morphology [31] . On fibronectin-coated PEGDA substrates, HSCs adhered better and migrated faster to a chemotactic cue on stiffer (>38 kPa) vs. softer (≤20 kPa) substrates [63] . These studies suggest that HSCs are responsive to changes in mechanical cues, but more studies should be performed to assess how such cues lead to definitive functional changes in cultured HSCs (e.g., proliferation, differentiation).
Structural Signals Structural details such as topographical features or ligand spacing have been found to impact HSC quiescence [64, 65] , adhesion [66] , gene expression [66] , and lipid raft clustering [67] , rendering them an important design parameter for recreating HSC niches in vitro. When HSCs were cultured in ECM protein-functionalized polydimethylsiloxane (PDMS) microcavities (15-80 μm in diameter), more HSCs retained primitive HSC markers in smaller cavities, particularly when the cavities were coated with fibronectin [64] or heparin [65] . A study utilizing nanopatterned hydrogel substrates showed that HSC adhesion and gene expression are influenced by the lateral spacing of ligands [66] . Here, polyethylene glycol (PEG) substrates (Young's modulus of 6 MPa) decorated with ligand-functionalized gold nanoparticles spaced at varying lateral distance (∼20-110 nm) were prepared and HSCs were grown on top. Based on the ligand type, the critical interligand spacing that could support HSC adhesion differed (cRGD <45 nm, osteopontin ∼75 nm, fibronectin domain III 7-10 containing RGD sequence ∼110 nm), and such HSC-ligand interactions impacted the gene expression of thrombospondin-2 (THBS2), a glycoprotein involved in cell adhesion [68] . On similarly prepared cRGDfunctionalized nanopatterned glass substrates, HSCs showed higher levels of adhesion and lipid raft clustering on substrates with smaller (<32 nm) lateral ligand spacing, where lipid raft clustering is believed to be key in activating several signal transduction events [67] .
Biomolecular Cues and Engineering Feedback Loops
Recent studies suggest that combining spatial and temporal aspects of small biomolecule presentation (e.g., cytokines, growth factors) may significantly enhance stem cell expansion by minimizing the impact of inhibitory signals, often secreted by differentiated cells in the culture population [50, 69, 70] . For instance, immobilized biomolecules mimicking membrane-bound isoforms could amplify desired output over soluble isoforms by providing sustained ligand-receptor interactions leading to prolonged receptor activation [69, 71] . As such, immobilized SCF (a key cytokine known to be involved in HSC survival and maintenance [72] ) was shown to enhance adhesion and proliferation activity of primary HSCs and hematopoietic cell lines compared to soluble SCF [61, 71, [73] [74] [75] . Additionally, temporal regulation of biomolecular presentation (e.g., availability, diffusive transport) has been found to be important in modulating HSC activities [50, 70, [76] [77] [78] . Single-cell studies have demonstrated that cytokine administration (M-CSF or G-CSF) could directly instruct lineage choice in hematopoietic progenitor cell populations instead of simply expanding already committed subpopulations [76] . Feedback loop studies have allowed characterization of HSC culture kinetics in 2D liquid cultures, where observed heterogeneities in proliferation and differentiation rates were linked to variations in intercellular signaling (autocrine or paracrine) [70, 77] . By constructing a mathematical feedback model and altering parameters for the HSC culture systems (e.g., media exchange frequency, initial cell seeding density, fed-batch culture volume dilution rate, surface ligand Fig. 1 Material fabrication approaches for stem cell nicheinspired extrinsic control of stem cell fate decisions in 2D and 3D synthetic niche microenvironments in vitro. Biomolecular presentation, mechanical properties, and structural details could be controlled to nanoscale resolution to replicate sophisticated features immobilization), culture conditions could be optimized to maximize HSC expansion [70, [77] [78] [79] .
Other Approaches A recent study employing MSC-secreted extracellular matrix (ECM) as a surface for HSC cultures demonstrates a new way of mimicking the stem cell niche in vitro [80] . Here, the researchers did not create the material interface themselves but employed niche cells to secrete matrix materials. MSC-secreted ECM matrix was produced by culturing MSCs with or without macromolecular crowding (MMC) for 10 days. MMC refers to polymer particles added to the cell culture media to occupy some of the culture space and stimulate growth factor secretion [81] . ECM matrix produced from MSCs cultured with MMC showed higher ECM content, higher overall glycosaminoglycan (GAG) content, and higher concentrations of certain growth factor (FGF-2, VEGF, HGF) released back to the media. When HSCs were cultured on top of this matrix for 7 days, there was a significant increase in HSC expansion compared to those cultured on the matrix produced without MMC. This study suggests that niche cells could be effectively manipulated to produce surfaces with niche-mimicking details.
Three-Dimensional Biomaterial Niches-Exploring New Frontier for Control
Like the niches that they attempt to replicate, approaches to engineer stem cell fate specification events increasingly present complex combinations of extrinsic cues. The added dimensionality in 3D biomaterials creates sites for cell-matrix interactions, covalently bound morphogens, and diffusive transport of soluble molecules [35, 37] . This allows better recapitulation of autocrine or paracrine signaling, local gradients of nutrients and oxygen, diffusion rates of biomolecules, and structural and adhesive support in vitro [6] . Thus, 3D constructs offer the potential to recreate a dynamic microenvironment that is more similar to the physiological stem cell niche [82, 83] .
Similar to 2D material surfaces, 3D biomaterials can be chemically modified to include cell adhesion (e.g., RGD), degradation moieties (e.g., MMP degradable sites), and other biomolecules (e.g., growth factors, cytokines, extracellular components) to modulate stem cell behaviors [84, 85] . Their material properties can also be tuned to exhibit varying mechanics and architecture [35, 84] . While 3D constructs may be limited to certain fabrication approaches due to cell encapsulation needs [86, 87] , recent advances facilitate the formation of 3D microenvironments with high spatial resolution, even down to nanometer-scale features [88, 89] . Some of them allow temporal polymerization or degradation of the support structure as well to dynamically mimic aspects of stem cellcell and stem cell-matrix interactions within the stem cell niche [85, 90, 91] .
Here, we describe several recent developments in 3D constructs for recreating HSC bone marrow niche, which have been critically linked to HSC activities including adhesion [92] , proliferation [61, 73, [92] [93] [94] , and engraftment [92] . A wide range of synthetic 3D HSC niches utilize co-culture with other cells, typically a variation of mesenchymal or stromal cells, in order to promote increased cell survivability and growth support [1••].
Biomolecular Signals Like 2D substrates, 3D biomaterial constructs offer opportunities to present biomolecular signals in both matrix-bound and soluble form and additionally alter biotransport of soluble factors within the matrix [85] . In a recent study, the effect of bound vs. soluble SCF presentation in HSC maintenance was examined by culturing HSCs in methacrylamide-functionalized gelatin (GelMA) hydrogels with or without covalently attached SCF for up to 7 days [73] . SCF is a cytokine critical for HSC quiescence and activation [40] , and gelatin, which is the denatured form of collagen, naturally promotes cell adhesion and enzymatic degradation [95] . GelMA gels with immobilized SCF could maintain a higher percentage of primitive HSCs with low overall proliferation, whereas GelMA gels containing only soluble SCF saw higher overall proliferation but a lower percentage of primitive HSCs due to increased differentiation activity [73] . In other studies, HSPCs were cultured in PEGDA hydrogels or scaffolds functionalized with RGD motifs [61, 93] . PEGDA hydrogels also contained MMP-degradable sites and could support long-term cultures (up to 5 weeks) of HSPCs [61] . PEGDA scaffolds were fabricated by salt leaching technology and could enhance HSC expansion when HSCs were co-cultured with bone marrow-derived MSCs [93] .
Another aspect of biomolecular supplementation approaches for mimicking the stem cell niche is taking advantage of non-covalent interactions to fine-tune stem cell response via growth factor sequestration [96, 97] . Recent efforts for MSC expansion and musculoskeletal repair leveraging proteoglycan-inspired transient sequestration and molecular imprinting technologies demonstrate the importance of sequestration strategies, offering exciting opportunities to further control and refine stem cell response [98] . Here, chargebased or conformation-based biomolecule interactions within constructs could sequester exogenously added or endogenously produced biomolecular signals to enhance responses such as proliferation and fate specification [99] [100] [101] . As such, integrating charged proteoglycans such as heparin or chondroitin sulfate into 3D constructs has been shown to strengthen signaling pathways [98, 99] and amplify gene delivery [101] to boost MSC response.
Microstructural Signals The effect of dimensionality on HSC cultures has been explored by comparing bone-derived 3D scaffolds and traditional 2D tissue culture plates in supporting HSC expansion [94] . Both the scaffolds and tissue culture plates were pre-seeded with MSCs to simulate an osteoblastic environment. Here, 3D scaffolds performed significantly better than 2D substrates in fostering HSC expansion, probably due to the 3D environment enhancing MSCmediated HSC support and possibly overall support for cell growth and proliferation. In a separate study, HSCs were cultured in polycaprolactone (PCL), poly(lactide-co-glycolide) (PLGA), fibrin, or collagen scaffolds for expansion [92] . Fibrin scaffolds were found to best support HSC expansion and engraftment, particularly when HSCs were co-cultured with MSCs from umbilical cord. In contrast, PCL scaffolds showed insignificant expansion with low levels of observed cell adhesion, likely due to differences in scaffold architecture and mechanical properties such as pore or fiber geometries, size, orientation, and stiffness.
Microphysiological Systems Microfluidic platforms have been increasingly used to make in vitro culture systems with more sophisticated control over spatial and temporal aspects of the culture microenvironments [102] [103] [104] . Several microfluidic-based approaches have been developed for HSCs, aiding with the incorporation of cellular and extracellular components and the administration of growth factors and cytokines to create a functional artificial stem cell niche [1••]. For instance, a two-input microfluidic mixer allows easy fabrication of 3D hydrogels with opposing gradients of cells, matrix, and other biomolecules [73, 105] . As a proof of concept, opposing gradients of HSCs and osteoblasts [105] and a gradient of GelMA hydrogels with covalently crosslinked SCF [73] were successfully created in microliter-scale (∼180 μL) cultures. Further work is underway in order to incorporate additional factors to tease out how local gradients impact HSC activities. In a different study, a microfluidicbased microarray of nanoliter-scale chambers was fabricated for high-throughput analysis [106] . Although this example did not produce 3D microenvironments, thousands of chambers of HSC cultures were automatically replenished with culture media containing desired amounts of growth factors. Such temporal control combined with live-cell time-lapse imaging revealed that while SCF concentration is not important during first division, SCF is required for survival afterwards. These reports illustrate that microfluidics is a promising tool for reconstructing complex, dynamic stem cell niche microenvironments with high degrees of spatial and temporal control.
Techniques to Non-Invasively Monitor Stem Cell Response
An important aspect of developing niche-mediated stem cell regulation schemes is the development of new analytical approaches to quantify HSC response to unique combinations of niche signals with high fidelity [1••]. As engineered niche signals are increasingly complex and dynamic in nature, it is essential to profile stem cell responses with similar rigor. While not surprising, HSCs may exhibit a range of responses to a niche signal, and this heterogeneity will likely be magnified in multi-cue environments and must be defined [46, 107] . Ideally, stem cell functional metrics should provide convenient yet accurate quantification of subtle changes in individual, live stem cells in situ, dynamically assessing single cells with minimal sample manipulation to avoid disturbing the cells or culture conditions [1••] . Current functional measures of HSCs include transplantation assays, clonal expansion assays (e.g., colony-forming unit (CFU) assay, cobblestone area-forming cell (CAFC) assay, long-term culture-initiating cell (LTC-IC) assay), and fluorescent labeling based on an incompletely defined set of surface markers, which are endpoint analyses that require long incubation time or extensive staining [48, 108] . An opportunity therefore exists to miniaturize and parallelize engineered bone marrow constructs to compare the response of single HSCs to the ensemble averages from HSC populations [1••, 45, 107] . However, while engineering approaches offer the potential to systematically vary the local microenvironment surrounding HSCs in order to dissect the importance of individual or small groups of extrinsic signals on cell fate, recapitulating the entirety of the complex interactions which take place in vivo remains an ongoing technical challenge. Further, such increasingly complex cultures also introduce new areas of consideration with significant opportunity for innovation. Namely, while surface antigen expression profiles remain the current gold standard for identifying stem cell phenotypes, label-free approaches probing cell-specific molecular or adhesive information would facilitate the characterization of dynamic HSC fate specification events.
Chemical Fingerprint In a recent report, our group has demonstrated a label-free approach to quantify HSC functional capacity using the evolving chemical spectra of the cell membrane [109] . In this study, fixed primary hematopoietic cell populations (HSPCs, common lymphoid progenitors (CLPs), and mature B cells) down the HSC differentiation hierarchy from old (10 months old) vs. young (2-4 months old) mice were probed with time-of-flight secondary ion mass spectrometry (TOF-SIMS), and the resulting mass spectral datasets were subject to multi-variate analysis (MVA). MVA of TOF-SIMS data for individual hematopoietic cells could be used to identify cell type as well as cells from old vs. young mice with high sensitivity and selectivity with low identification errors: 3, 8, and 11 % error for B cells, CLPs, and HSCs, respectively, for cell type identification and 19, 26, and 11 % error for B cells, CLPs, and HSCs, respectively, for identifying cells from old vs. young mice. More recently, we used Raman spectroscopy to probe fixed primary hematopoietic cells (long-term HSCs (LT-HSC), short-term HSCs (ST-HSC), mature B cells, and granulocytes) seeded on hydrogel substrates to collect their molecular information in situ [110] . MVA of the resulting Raman spectra of individual cells could successfully identify cell type with low identification errors even when the cells were seeded on different hydrogels (3, 4, 0, and 2 % error for LT-HSCs, ST-HSCs, granulocytes, and B cells, respectively, for overall cell identification and 4, 5, 10, and 3 % error for LT-HSCs, ST-HSCs, granulocytes, and B cells, respectively, for cell identification when cells were seeded on different hydrogel substrates). These results demonstrate the feasibility of using single-cell molecular information as a Bchemical fingerprint^for in situ cell identification. Ongoing work is employing analytical approaches to probe live cells in situ.
Adhesive Signature Niche cells comprise a significant fraction of the stem cell niche, and single-cell analytical approaches that could monitor and rapidly differentiate HSCs from niches cells in multi-cellular cultures are highly desirable. The capacity to profile the functional status (e.g., division, differentiation, migratory patterns) of a single stem cell opens opportunities to define the life history of that stem cell, cataloging not only HSC phenotype but also the trajectory of cell-cell interactions that take place in both HSC monocultures as well as more complex cultures that combine HSCs with niche cells [45, 107] . To this end, label-free time-lapse tracing of HSC fate decisions in response to multiplexed cell and biophysical signals offers an exciting frontier for biomedical advances as they do not require significant manipulation of the stem cells before or during the experiment [1••]. In our recent reports, we have demonstrated the feasibility of applying photonic crystal enhanced microscopy (PCEM) as a label-free, in situ analysis approach for probing how individual cells adhere to ligand-coated surfaces (e.g., cell placement, intracellular focal adhesion complex distributions, migratory speed, and projection) [111] [112] [113] . PCEM is a modified brightfield microscope setup with a low-intensity non-coherent light source, utilizing ligand-modified photonic crystal surfaces as the biosensor interface. The photonic crystal surfaces have periodic nanograting structures that produce an evanescence field on top when light at a specific wavelength is shone through. When cells are grown on top of the biosensor and cellular materials come in direct contact with the surface, wavelength shifts occur in the light passing through, which can be collected to quantify changes in cell intrinsic properties (e.g., dielectric permittivity) with submicron spatial resolution to enable rapid adhesive phenotyping of individual cells without the use of exogenous labels. Proof-of-concept studies with dental epithelial stem cells showed the capacity of PCEM to dynamically track and categorize cells during chemotaxis, suggesting that PCEM can be non-invasively applied to classify live stem cells.
Conclusions and Future Opportunities
Recent advances in fabrication approaches enable microscale and nanoscale details of the complex stem cell niche microenvironments to be replicated in vitro to build sophisticated 2D and 3D biomaterials serving as synthetic niches. Such synthetic niche systems allow mechanisms of niche action on stem cell regulation to be uncovered and elucidated while also providing the means to precisely control stem cell activities to maximize their clinical value. Additionally, advances in label-free approaches increasingly permit quantification of single stem cell fate decisions to unique combinations of extrinsic signals with high fidelity in order to characterize the trajectory of cell-cell and cell-matrix interactions in stem cell monocultures as well as multi-cellular cultures with stem and niche cells. In time, these methods would lead to dynamic time-lapse tracing of single stem cell fate decisions in situ, facilitating characterization and tuning of stem cell response to multiplexed signals. Going forward, development of integrated material platforms that capture spatial and temporal variations of the stem cell niche with builtin analysis modules to detect and categorize single stem cell activities in situ in a label-free manner would greatly enhance the extrinsic control of stem cells. For this, leveraging nanotechnological advances would be crucial to harness the full potential of the stem cell niche. ed in this publication was also supported by NIH R01 DK099528 and R21 EB018481. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH. The authors confirm that there are no known conflicts of interest associated with this publication and there has been no significant financial support for this work that could have influenced its outcome.
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